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PROBLEM 

Hxplore the application of fiber-optic and integratod-optical-circuit 
(IOC) technology to DoD problem areas in aircraft, shipboard, undersea, 
and land-based systems. Assess the capability of fiber-optic transmission 
lines, using both lOCs and discrete sources and detectors, to meet the 
requirements of electromagnetic interference (HMD rejection, size, weight, 
switching, and bandwidth in military systems.  Advance the state of the a: t 
in material and device physics and techniques in the fabrication and evalua- 
tion of IOC components. KsUiblish the feasibility of using fiber-optic and 
IOC technology for secure (nonradiating). radiation-resistant, and l.Ml-free, 
multi-GH/ communication systems on military platforms, including ship, 
aircraft, undersea, and land-based operations. 

RESULTS 

Applications assessment studies and a preliminary cost-benefit anal- 
ysis indicate areas of definite performance gains and cost savings from use of 
fiber-optic/IOC tech lology. particularly in avionics systems. Progress in 
fiber optics has made possible the use of conventional off-the-shelf discrete 
components in existing and proposed systems with immediate applications. 
Proposed fiber-optic/IOC systems offer si/e. power, and reliability advantages 
as well as the capabilities of high-capacity, point-to-point and data-bus- 
multiplexing systems. Progress has been made in IOC technology, particularly 
modulators for use in wide-bandwidth systems. Several unique IOC devices 
have been investigated which promise utilization of the extremely wide 
bandwidth and information-carrying capability of single-mode fiber-optic 
waveguides. 

RECOMMENDATIONS 

1. Develop prototype fibc r-optic links for all platforms in DoD 
applications. 

2. Perform research and development in the areas of fiber-optic/IOC 
systems for high-capacity point-to-point links and data-bus-multiplexing 
applications. 

3. Continue research and development in IOC fabrication techniques, 
particularly diffusion and IOC-device physics for components such as 
modulators, waveguide couplers, switches, and input/output couplers. 
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INTRODUCTION 

The fabrication of miniature sc4id«ttate optical components ami 
thm-tilm wavcimiclcs to connect tiiom on semiconductor or dielectric sub- 

strates is becoming feasible with the advancement olsuch disciplines as the 
material sciences, quantum electronics, and tmided-wave optics.  Integrated 

optical components     iOUiCes, detectors, modulators, and various coupHng 
elements     on one or more tiny substrates will comprise systems much 

smaller in si/e and weigtll than optical systems employing discrete com- 
ponents.   I he new systems will be much less susceptible to environmental 
hazards, such as mechanical vibcations. extremes in temperature, and electro- 

magnetic fluctuations, because of their small si/e and packaging density.   In 
addition, wideband active components, such as waveguide electro-optic 
modulators, will be able to operate at very low power levels because ot the 

small dimensions involved. 
Cuided-wave optical components have found an important potential 

use in ihe area ot optical communications because of the recent progress m 

the fabrication of single-mode fiber-optic waveguides with very Ion losses. 

I ilvr-optic waveguides with losses as low as 4 dB/km at 0.85fini and 
I ()(v/jm wavelengths (for (iaAs and Nd-YAG lasers, respectively I and with 
single-mode libers having anticipated bandwidths as high as 10 GHz lor I 
1-km length immensely widen the horizon of optical communications. 
However, devices must be developed to couple energy elYicienth with the 

fibers and to process the optical inlormation elTiciently at rates approaching 

the bandwidth capacity Ot the libers. 
Integrated optics will perform a number of functions in the area ol 

wide-bandwidth optical communications. They include rapid modulation 
and switching by guided-wave elements using applied fields to generate small 
electro-optic or magneto-optic index changes, coupling, filtering of signals, 

light detection by p-n junctions or other structures in thin films, and light 

generation by thin-film laser elements. 
Fiber-optic-waveguide systems will offer significant advantages lor 

military information transfer, both immediately, with discrete components 
and multimode fibers, and in the future, with single-mode fibers and inte- 

grated optical elements.  These advantages include freedom from electro- 

magnetic interference (EMI), elimination of grounding problems, and 
increased security (no signal leakage), as well as the potential for large 
si/e. weight, power consumption, and cost savings.   In addition to high- 
capacity point-to-point communications, a major interest in integrated 
optics from a military standpoint is the potential for implementing a fiber- 
optic-transmission-line, multiterminai (data bus» multiplexing system through 

low-loss coupling and modulation elements.  This will provide isolated- 
terminal, redundant information transfer, thus facilitating the truly modular 
(including distributed computer) command control and communications 

system. 
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The objective of the program reported hew ^ to advance the 
inatcn.il and device phyiic» of integrated optics for miiitar) applications, to 
cslablisli in concert witii otiicr Nav\ ami DoD proi-rains a continuing 
assessment of system requirementa ami cost-henefits tor RkD iinesimcnts 
in each application area, and to produce prototype optical elements and 
Mibsystems tiiat are aimed at satist'\ ini: these requirements,   I he work on 
ihe program that was pertormei at Naval Electronics I ahorator) (enter 
(NELCI and on contracts administered In NELC v^as in Ihe areas of 
inteurated-optical-circnit (IOC)applications assessment, materials for KX 
devices and luhttntes, pattern fabrication, theoretical analysis, components, 
and system concepts, 

SpecilicalK . M I ( addremed applications assessment, problems ot 
material and device physics, and the development of novel fabrication tech- 
niques for inteurated-optic components.   Investigations were centered on 
the fabrication of waveguides and waveguide electro-optic modulators. 
Hughes Research Laboratories (11R1.1 performed work m hidi-precision 
pattern delineation and fabrication techniques suitable for integrated optical 
components and systems m "lass and polymer films   (   Veh at the limersiu 
of California at l.os Aniieles (UCLA) continued theoretical calculations ot 
the properties of optical waveguides with arbitral refractive index variations 
as would be found in physicallv realizable waveguides,  J. II. Harris at the 
I niversitv of Washington addressed the problem of efficient coupling Ol 
light and electrical eneruv into and out of inteurated-optic configurations, a 
critical area of concern for practical IOC realizations,   Reference 1 describes 
the results of this program during the period 1 April 11'72 to 30 September 
I"":. This report covers progress from 1 October l1'-: to31 March 1973, 
including, in succession, the general areas of applications assessment, cost- 
benefit analysis, and material and device physics, 

APPI K ATIONS ASSCSSM £NT 

The emphasis m this program is on applications of fiber-optic- 
waveguide sv stems to military information transfer.  I'resent-dav fiber-optic 
communication technology, involving multimode fiber-optic bundles and 
discrete semiconductor sources (light-emitting diodes. LEDs) and detectors 
(silicon PIN diodes), received great stimulation and impetus from the 
announcement in November 1970 by Corning Class Works of glass-fiber 
waveguides with 20-dB/km attenuation (commercial-grade fibers had about 
1Ü0U dB km».  Since then, militarv systems applications have been studied 
and a number of feasibility demonstrations made (ref 1).  These have 
pointed up dramatic performance and cost advantages for a wide range ol 
potential system applications.   1 he important properties of fiber-optic 
transmission lines are; 

1.   I Ml and cross-talk immunity 

1.   Securit)     no signal leakage 

3,   No electrical ground problems 
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4. No I1 ort circuits 

5. No rinpng proUem 

6. Laife bandwidth For lize and vvcij;lit 

7. SiiKill si/c. lipht weight, flexibilit)     case of imtaUation 

S. low tOst 

5. Iligli tcmprnitmv lofefailCC (500 la 1000 C) 

10, Stfet) in aunbuttibk areas 

11 HIJIII tensile itrength 

I 2. No copper Ktratejiic material) 

13 Potential nuclear-railiation resistance 

\ major ttfchnolog) Je\elopnucit ellort to optnni/e aiul quaiif) present 
iiher-optic components, cables, sources, detectors, and connectors IN betrg 
planned for the Na\\ and DoD. The present itatusof midtimodetstep index) 
libers is shown m table I   Commercial 1 EDsand detectors, ulnle not yet 
adapted or optimized for liber optics, can be used loda). Data rates of com- 
mercial LEDs raniie up to about 40 \lbils see 

FABLl   I    I'ROl'I RTII SOh FIBI K OPTK  Ml I TIMODI UWI (,l IDfS 

(CORNING CLASS WORKS). 

Siiidc fiber 

1 os^ 

I engtl, 

Data rate (meolKTcnl smirec) 

TMMHC streni'ili 

Outer diameter 
Vlinimuin bend radius 

Splice loss (Bell Labt) 

Bundles     PVC Jacket 

Lcnglli 

Loss 

IVIiveied in \av\ (MIC) 

Reported 

Splice loss 

JdB kiiKneai IR) 

>4 km (limit not established) 

Mi Mbits see-km 

i:u.00()lban.: 

125 /um ((),()()5 in.)(not critical) 

3 mm 
OS dB 

330 m (limit not established) 

10 dB/km 

30 dB-km 

l.sdB 

Baaed on considerations of size, cost, power requirement!, and relia* 
bilit\. gallium arsenide I ,;I) sources und silicon PIN detectors are the choice 
for use in many present fiber-optic communication applications.  Alter the 
choice of source and detector has been made, the main tradeoffs involve 
signal bandwidth, transmission line length, and fiber-optic attenuation fac- 
tor.  Results of a calcuiation (ret 3) of the maximum fiber-optic attenuation 
factor (i" dB/km at 9000 A ) consistent with a particular length-bandwidth 
requirement are given in table 2.  A signal-to-noise ratio of 30 dB for the 
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TABU 2. MAXIMUM FIBER-OPTIC ATThNlATION FACTOR 
(IN dB'knOC'ONSISTl NT WITH A PARTICULAR 

LENGTH-BANDWIDTH REQUIREMENT. 

Length 

BandwKlih 50m 300m 1000m 

4 kll/ analog II00 180 50 

5 MM/ analog 550 90 25 
2 Mbits/scc PCM 800 130 40 

lOMbits scvPCM ()00 100 .10 

50 Mints sec PCM 500 80 20 

analog MUIUIIS >IIUI an error rate of 1Ü-^ for the digital signals was assumed. 
AcconUni to this table, attenuation factors In the 500-to-l 100-dB/kin range 
will be required tor aircraft applications (maximum distance; ~50 m) and in 
the S()-to-l<S()-dB'km range for naval vessels (maximum distance:~3()() nil. 

The development of UK's tor use with the single-mode, wideband, 
liber-optic waveguide will sharply increase the performance capabilities and. 
hence, the scope of potential military usage.  In addition to the general 
benefits enjoyed In the present-technology fiber-optic systems, the IOC 
(plus single-mode fiber) systems promise: 

1. Smaller si/e and weight and lo ver power requirements 

2. Efficient frequency (color) multiplexing 

3. Ver\-low-loss (0.5 dii) couplers 

4 Multipok switching 

5. Greatei bandwidth(10GHz for 1 km) 

o. Batch fabrication ecouom) 

7, ReliabBit) 

Consequently, IOC communication finds anticipated DoD applica- 
tions in point-to-point links on every platform     aircraft, ship. land, and 
undersea. These IOC systems could also function with point-to-point 
multiplexing techniques in time, frequency, or space (one channel per fiber) 
division.   Both analog and digital information, including audio, video, data, 
radio, rad; r. and electronic-intercept information, could be handled In IOC 
systems. Naturally, not all applications will utilize the bandwidth capacity 
of iOCs; many will capitalize on other features, such as their small si/e. low 
power, switching capability, etc. 

System applications for general fiber-optic communications are being 
studied, and the following considerations for the different military platforms 
have emerged. 
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AVIONICS APPLICATIONS 

The arc;i of avionics data transfer is likely to be the first major 
beneficiary of fiber-optk technology.  Present problems in this area are. 
naturally, weight and si/e of wiring. EMI, cross talk, vulnerability, anil lack 
of flexibility of cable harness configurations.  These problems are further 
accentuated in high-performance and surveillance aircraft, such as fighters. 
VSTOL aircraft, and reconnaissance and antisubmarine aircraft.  In these 
cases, the density of electronic equipment is high, and component-density 
requirements continue to increase.  Such problems are made even more 
severe by the high cost of wiring and installation, maintenance, and 
modifications. 

Point-to-point applications would certainly be the nearest-term use 
of liber optics.  There would be advantages in simple one-for-one substitution, 
but the most effective scheme would be in multiplexing in either time, 
frequency, or space. A si/able fraction of the present data-handling needs 
could be accommodated by 10-Mllz links less than 100 m long, and most of 
these requirements can be met today.  If point-to-point fiber links with 
multi-Cill/ bandwidths were available, they could handle much of the radio, 
radar, and electronic-intercept data. 

An A-71)   ircraft containing navigation and weapon-delivery 
electronic systems has been evaluated for replacement of some 300 point-to- 
point wire links between systems by approximately 50 fiber-optic lines using 
a degree of time-division multiplexing.   Decreases are estimated in weight 
and cost upon rewiring of the navigation and weapon-delivery systems in an 
aircraft of this sort. The total weight would be down by about 30 kgm 
(70 lbl.  Although the total parts cost would also be reduced In nearly $6000, 
the weight reduction is more significant when one realizes that payload weight 
penalty costs are S2000 per kilogram ( SI 000 per pound) or more over the life 
cycle of a high-performance aircraft. 

The concept of data-bus multiplexing, which is vital to future avionics 
systems, will be discussed separately later in this report. 

SHIPBOARD APPLICATIONS 

Shipboard interior communication has many problems in common 
with those of aircraft, and. although weight ami size are less critical in conven- 
tional ships, they are quite important in high-performance surface craft, ■uich 
as air-cushion ships and hydrofoils.  Further, I Ml and electromagnetic com- 
patibiliu within the ship is a serious problem.  A number of applications 
are practical today, such as the transfer ol voice, video, and computer data 
with fiber optics. 

An application of fiber optics presently being pursued is secure 
communications involving command control information.  A six-station 
telephone system using fiber optics is being fabricated for shipboard 
demonstration and evaluation.  Substitution of   ntical fiber cables eliminates 
the signal radiation which occurs from all elect!^   1 transmission lines and 
makes such a telephone system more secure.  A second demonstration 
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system for Shipboard use will be a dosed-circuit TV link using wideband F M 
and long, low-loss liber optics. This application will emphasi/e the EMI 
immunity and lack of signal radiation of the fibers. Over a year ago. links 
were developed and engineered lor the Precise Time and Time interval 
System to distribute clock pulses within a ship or shore station: these await 
deployment of the total system.  Finally, computer data links have been 
fabricated for use in systems such as the Naval Tactical Data System ami the 
Message Processing Distribution System. 

UNDERSEA APPLICATIONS 

Undersea fiber-optic applications emphasize the need for medium to 
very-long lines (some being much in excess of a kilometer) and. therefore, 
the need for \ery low losses.  In addition to telecommunications, there are 
potential applications for both towed and stationarv acoustic arrays, for 
tethers to various sensors and submersibk vehicles, and for penetrations in 
submarine hulls,  Bandwidths range from a few kHz to tens of MHz. 

In the towed array, the size constraints are severe on the cable design. 
The cables should be as small in diameter as possible to reduce the drag and to 
case the deployment problem.  Further, there is the need for approximately 
neutral bouyancy in such a cable. There is also the need for reasonable hand- 
width     say. 10 MHz     over the cable length, since, for even the low-frequency 
data one would get from a hydrophone array, such bandwidths are required 
for faithful transmission of information.   Fiber optics, with its bandwidth 
and size advantages, can have a major impact on such undersea cables. 

Fiber optics can also be utilized undersea for the redesign of the 
hull penetrators for electrical input-output to a submarine. Typically, there 
are a large number of feed-throughs in the hull which can have multiple 
electrical conductors. The desire to minimize the number of holes in the 
pressure hull leads to consideration of an optical port which would be much 
smaller than the standard electrical one and possess greater bandwidth. 
Such a design has successfully undergone pressure tests at 1400 kgm/cm- 
( 20.000 Ib'in.-) at the Naval Undersea Center, and should offer additional 
benefits in reliability. 

LAND-BASED APPLICATIONS 

Expected land-based uses of fiber optics include both strategic and 
tactical communications.  In addition to long-distance telecommunications 
requiring maximum bandwidth and minimum attenuation, there are links in 
which the I Ml immunity is crucial, some in which nuclear-radiation 
resistance is needed, and others in which the absence of signal radiation from 
the fiber optics is important. Tactical applications would naturally take 
advantage of weight and size savings in portable systems, and include com- 
mand control systems for Army and Marine Corps command posts. Typi- 
cally, these command posts include some dozen or more huts containing 
communication, radar, data-processing, and display equipment, all of which 

    



would have to be transported li> planes, helicopters, trucks, etc. These huts 
.ire presently linked together over distances of tens of meters or more with 

large amounts of copper cables the weight of which, it is estimated, con- 
stitutes about half of the total system weight.   Application of fiber optics 

to these point-to-point links with some multiplexing would result in 
dramatic weight and si/e savings and eliminate cross talk, ground loops, and 
I Ml.   Bandwidth requirements are t\ pically in the l()-MII/ range for presenl 

■A stems, 

DM A-BUS APPLICATIONS 

An application area of major potential impact to Dol) is that of the 
data bus     a single transmission line that carries many different multiplexed 
signals and serves a number of-.patialh distributed terminals.   In avionics, 

there are strong trends toward im reas'd microminiaturi/ation (medium- 
scale integration. MSI, and large-scale integration, LSI), digital processing, 

and system integration; these naturally point toward data-bus systems thai 
are increasingl; evident in the design of new military aircraft, such as the 
I -14. I"-1 5, and B-l generations (ref 4).   Although these trends are strongest 
m avionics systems, they are also growing in the shipboard area, pai ticularlv 
with the advent of high-performance surface craft and advanced ship con- 
cepts stressing modularity on both function and construction levels (ret   5). 

These requirements on both shipboard and aircraft platforms 

naturally imply system-level data-bus multiplexing because of several 
important properties.   The data bus provides a truly modular communication 
system where, with standard interfaces at the terminals, various electrical 
subsystems can be plugged in or pulled off.   A data-bus system can be less 
expensive to install and maintain, tighter in weight and smaller in si/e. more 

reliable, easier to modify and expand, and less vulnerable to damage than 
systems based on point-to-point links.  For example, it has been shown that 
multiplexing and system-level data busing on the planned B-l bomber will 

result ii  the elimination of 53 km (33 miles) of wire and a savings of 1000 

kgm ( :0()0 lb) in take-off weight (ref 6). 
Tile realization of practical data-bus systems is largely a result of 

recent advances in compact and inexpensive multiplexers and demulti- 

plexers.   However, inadequacies of the transmission line     generally a 
coaxial cable in present-day data-bus systems     can limit the number of 

terminals, bandwidths. reliability, and error immunity of the data bus. 
Susceptibility to reflections and ringing, cross talk. EMI, ground-level 
voltage shifts, and fire damage, as well as bandwidth limitations, are short- 

comings of coaxial cable which are aggravated by the stringent requirements 

of the data-bus system.   Furthermore, the technology of electrical trans- 
mission lines reached maturity decades ago     the coaxial cable of today is 

not much different from 'hat of 1950     and there is little chance of major 

improvement in this area. 
The fiber-optic transmission line is a strong candidate to replace 

electrical lines in data-bus systems of the future, both in the near term 
(multimode single fibers or bundles) and far term (single-mode fibers). 
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The haiuiwidtii of multimode nberoptk tinct is onlen of magnitude luglwr 
than that ot coaxial cable of comparable size and weight.  Properiy tlcsijincd 
couplers, junctions, and terminations shoukl negate the effect« ol reflection 
and ringing in liber-optic lines.  The use of opaque jacketing or of an opaque 
second dadding layer on individual fibers will eliminate I I     and cross talk. 
Ground shiftl cannot occur because of the electrical isolation of terminals 
provided by fiber optics.  NaturalK . the general characteristics ol fiber optics 

will be obtained also. 
Avionics data-bus N\stems range lip to about SO m m length. With 

bandwidth, in the 10-MHl region, it is estimated that the) could handle 
some 9(W of the present inlormalion-lransfer requirements.  Shipboard 
sv stems typically extend to 300 m, and with .U)0-Mil/ bandwidths thev 
could handle most of the low-frequenc\ information How.  In both cases. 
shipping of sensor information (radar, electronic warfare, etc.) eMeiuK the 
bandwidth needs into the 10-(.ll/-or-hmher range.  Analvsis ol proposed 
data-bus systems with 10 or more terminals indicates that insertion loss at 
the aCCCSS Coupler is a critical factor and low-loss fiber lines will be required 
(< 100 dB km on aircraft and <20 dH km aboard ship). 

COST-BLNEFIT ANALYSIS 

In view of the number of application areas that give increasing 
importance to fiber- and inleurated-opUc communications in Do!) research 
and development, it is appropriate to examine the expected benefits ol the 
new technology on as quantitative a basis as possible and to compare the 
value of the benefits in some meaningful way with expected RAD 
expenditures. 

The purpose of this section is to develop a set ol guidelines tor 
performing a cost-benefit analysis for fiber-optic communications tech- 
nology and to present some preliminary results for specific application areas. 

MITHOD OF ANALYSIS 

I he net present value (M'V) method will be used to make a quan- 
titative comparison of alternative strategies for research and development 
funding.  The M'V of a future imestment equals the discounted value ol 
benefits minus the diseounted value of costs: 

Xb: - C; 
J—L 

,= 1(1 +11)' 

where 

d       ■ discount rate 

h       =  value of benefits in year i 
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Ci      ■ value of costs in year i 

N      ■ length of period (in years) lor which costs and benefits are 

computed 

For the purpose of this analysis, benefit! and costs will he expressed in 
l1^ dollars.   \ discount rate of Mf (the official Dol) rate of 1 298 minus a 
4", inflation factor) will be assumed.  Benefits and costs will be computed 
for a 20-year period (N ■ 20), beftaning with fiscal year 1974. Costs will 
include expenditures on R&D in (1) components (fiber-optic transmission 
lines, optical sources, detectors, integrated optical circuits), (2) development 
of electro-optic modules capable of interfacing with standard equipments. 
(3) development of suitable packaging techniques for components and 
modules, (4) writing of MIL-SPECS, and (5) MIL. qnlification of components 
and modules.   1 hree different hypothetical R&D investir .•nt policies will be 
compared:  (A) high level of effort. S3.0 million/year for (> years; (B) low 
level of effort, $0.8 million/year for 1 2 years; and (C) no effort. For each 
assumed investment policy, benefits will be estimated for each of a number 
of potential fiber-optic applications. The net present value of benefits will 
be calculated and compared for each of the policies. 

SUMMARY OF PRELIMINARY FINDINGS 

Tabk 3 summari/es the findings of the NFV comparison to date. 

TABU- 3. COMPARISON OF NliT PRESENT VALUES Of KNEFITS 
OF HYPOTHETICAL INVESTMENT POLICIES. 

Application 

Aircraft point-to-point 
Ship point-to-point 
Aircraft data bus 
Ship data bus 
Towed arrav 
Submersible cable (< 10 kin | 
Submarine hull penetralor 

Total 

Present Value of Costs 

Net Present Value ol Benefits 

Present Value of Benefits, S million 

Poliev A 

w 
2.5 

42 
10 

1.6 
16 
10 

171 

158 

Poliev B 

42 
5 
0.7 

7 

6 

84 

5J 

74 

it is emphasi/ed that these figures are of a preliminary nature.  Some of the 
potential applications of fiber-optic communications, such as long-line 
telecommunications links, stationary array lines   ,nd tactical data and com- 
munications links, are not yet included in the calculations of benefits 
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because ot" lack of sufficient data at this time. Also, further efforts to 
improve the accuracy of the assumptions used in LMlcuiating the figures in 
the table will be carried out. 

Table 3 does not reflect the value ot" benefits of fiber optics which 
are difficult or impossible to quantify (e.y.. security, I Ml immunity, tire 
resistance).   In some applications it is probable that such benefits are of 
more significance than the quantifiable benefits. 

CALCULATION OF BLNEFITS 

It is assumed in the benefit calculations that siiiüle-mode and multi- 
mode fiber-optic transmission lines can be procured at a cost of $3.00 per 
meter and that the cost of other components (emitters, detectors. UK s) can 
be neglected.  These calculations are presented below; 

a. Aircraft.   It is anticipated that data bU!  s will handle most of the 
signals transferred in militan aircraft of the earh  ll)S()s.   However, certain 
wide-bandwidth signals in electronic warfare, weapons control, and control 
and display subsystems will still be carried In point-to-point links.   It is 
estimated that fiber optics could replace 90 meters of electrical cable per 
aircraft in point-to-point links, at a savinp of 13.5 k^m (30 ibi in weight, 
and 140 meters of cable in the mam data bus. at a savings of 40 kgm (W) lb) 
I he weight penaitv is estimated to be S880 per kgm ($400 per pound) in pro- 
curement costs and S|3()() per kum ($600 per pound) in operating ami 
maintenance costs ovei the life of the aircraft.   Based on these figures, the 
use of liber optics would save S30,00Q per aircraft lor point-to-point links 
and $90,000 for the data bus.   Using the recent DoD procurement rate of 
about 330 new aircraft per year, this would mean tavings of about $10 
million per year for point-to-point links and $30 million per year for the 
data bus, 

b. Ships and Submarines, The data bus is also expe *ed to pla) a 
major role in the 1980 generation of ships ami submarines, with point-to 
point links being retained for some high-bandwidth computer and sensor 
information. Weight savings arc not near!) as important for conventional 
naval vessels as tor aircraft.   Hie main savinp from using fiber optics lor 
ships and submarines would be in cable procurement and installation costs 
For a destrov er. fiber optics could replace I 800 m of the main data bus. at 
.i savings of $33 per meter, lor a total savings of $400,000 per ship    I or 
point-tc-point links, fiber optics could replace I 201) m of clet tncal cable, at 
a savings of $$0 pet meter   I he total savings is $60.000 per ship for point- 
to-point links and $400.000 per ship for the data bus.   I he figure for sub- 
marines is assumed to be KO    of that foi the destrov er.   Based on a recent 
procurement rate of seven destrovers and live submarines per vear. the total 
savings are estimated to be $0.6 million per year for pomt-lo-pomi links and 
S4 4 million per vear for the data bus. 
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c. Towed Array.  The cost of a toweil array cable for a destroyer is 
presently S30,000.  However, bandwidth requirements are expected to 
increase by an order nf magnitude in the next 5 years, which would raise the 
cost of the cable to S90,000. The use of liber optics could save S70,00Q per 
cable. Assuming that each new destroyer is supplied witii a towed array and 
that seven new destroyers are produced per year, the savings due to using 
fiber optics would be about SO.5 million per year. 

d. Submersible (able. One Do!) communications application requires 
a high-bandwidth signal to be transmitted ovci a distance of several kilometers 
in a submersible cable. The needed bandwidth is unattainable using electri- 
cal cable, but is easily within the capability of fiber optics. The value 
(utility ) to DoD of having this capability is estimated at S5 million per year. 

e. Submarine Hull Penetrations.  There are about 200 penetrations 
lor bringing electrical signals through the hull of a typical submarine. The 
use otl'iber optics tor transmitting the signals through the hull would reduce 
the si/e, and therefore the cost, of the hull penetrations.  At an estimated 
savings of $2S00 per hull penetration, the total savings would be S500.000 
per submarine.  At a procurement rate of five submarines per year, this adds 
up to a total savings of S2.5 million per year. 

These guidelines will be applied to each DoD application area in the 
futUR as the necessary data are collected and assumptions are examined and 
improved. 

MATERIAL AND DEVICE PHYSICS 

Experimental and theoretical work on IOC devices and fabrication 
techniques has been undertaken at NELC, the University of Washington. 
UCLA, and Hughes Research Laboratories. The general areas of concentra- 
tion for each investigator were indicated in the introduction to this report. 
This section describes the most recent (to 31 March ll)73) results at NELC 
(diffused wavegui '"s. waveguide electro-optic phase modulators, multilayer 
epitaxial waveguide structures, prototype communication systems), at UCLA 
(theoretical calculations on waveguides), at the University ot Washington 
(microwave and optical coupling to IOC components), and at URL (electron 
beam fabrication techniques for iOCs). 

DIFFUSED WAVEGUIDES 

The fabrication of waveguides by diffusion has been reported pre- 
viously (ref 7 und H).   The processing has improved steadily to the point thai 
scattering is no longer detectable from the waveguides,   f xact measurement 
ot losses in the diffused waveguides in Zni xCdxSeand CdS|_vSex is no 
longer possible due to the difficulty in obtaining single-crystal /.nSe and CdS 
commercially in sizes larger than I cm.   Losses are consenatively estimated 
to be 2 dB/cm in Zn|_xCdxSe using powder diffusant sources, and are prob- 
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,iN\ under I dB irin. 1 igure I shuws the surl'ucc of u Ztig^icCdnQ^^Sc 
waveguide and an adjacent electrode (sec WAVI (,111)1  I 11 (I Konj'i K 
MODUI ATORS), taken al ->().()()() x with .1 scanning electron microscope 
(SIM»   1 he objet 1 in the guiding area u.i^ the onlj one in a 2-miii length of 
guide. Absorption losses due to the tail ol the absorption edge in 
( dSi_xSex will limit guides in tins material to about 3 illi cm .11 6328 \. 
bui ,11 longer wavelengths ihis less should be much less,  1 osscs due to the 
absorption edge in /n | _xCdxSe should be less than 0.5 dB cm .it 6328 \ 

ilfiii- 

i 

u 

> iii 

Figure I   Sui face nt An. qt<£dn najS* wavegukk and adjacent electrode (30,000 X ) 

( onventional ph >tolithograph) techniques are now being used to 
produce diffused waveguides. Sit)-, is RF sputtered onto polished substrates, 
and Shiplcj AZ-1350 photoresist is used to mask the Sit)-, la)er.  11 v photo- 
resist is exposed to ultraviolet (UV) light through .1 chrome-on-glass mask 
and then developed,   fhe SiOi layer not covered with photoresist is Rl 
«putter-etched away, leaving the substrate bare for subsequent diffusion. 
\lthough optical photolithograph) cannot approach tlu-(iii>ilit\ of electron- 
iv.mi ex[K>sure ol photoresist, the index gradienl of the diffusion process 
effectivelj smooths the pattern edges, giving UTN -low-loss guides. 
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Diffusion data OH cadmium and selenium diffusion into ZnS. ZnSe. 
and CdS are not complete. Of the most important systems, Se into CilS and 
Cd into ZnSe. only the former has been measured (ref 9).  Acconlingly. 
experiments were performed to determine the diffusion parameters of cad- 
mium into ZnSe.  If data on composition versus refractive index are available 
or reasonable assumptions can be made about the relationship, then refrac- 
tive index ve -as depth can be in^ned from composition-versus-depth 

diffusion data. 
Diffusions of cadmium into single-crystal ZnSe were done for mkHH 

diffusion conditions.   1 he photoluminescence spectrum of the diffused cry- 
stal is related to the handgap or composition at the crystal surface for exci- 
lation at short wavelengths.  By successively removing material from the 
surface and measuring spectral positions of emission peaks versus depth into 
the crystal, one obtain bandgap versus depth (ref 10).   Relating bandgap to 
composition and composition to refractive index, we obtain the index profile. 

The '•edge" emission band from ZnSe excited with UV light from a 
:()()-W mercury arc was used as the characteristic feature for the emission 
measurements.  Undoped ZnSe exhibits the edge emission peak at 45X5 A. 
This peak shifts to longer wavelengths as the mole fraction of cadmium 
increases.  The corresponding peak in CdSe occurs at 7060 A. I'or small 
values « 10'/r) of the mole fraction of cadmium, the bandgap or edge emis- 
sion is assumed to be linear with composition. The diffused .rystal is etched 
with a bromine-methanol solution and the spectral position of the edge 
emission redetermined.  By measuring how much material was removed by 
the etch, a composition-versus-depth profile is deduced. 

Most of the composition-versus-depth profiles could be best fitted 
with a complementary error function of form 

C(x) = roHRFC (x/A) 

where x is the depth. C- is the surface composition, and A is a constant. 
Theoretical analysis of diffusion from an inexhaustible source of diffusant 

gives 

C(x.t) = C0i-:RFC(x/:v/Dt) 

where 1) is the diffusion coefficient, a function of temperature, and t is 
the diffusion time. Some of the profiles at high surface concentrations and 
large depths could be fitted with several curves, the most common being 
exponential for a short distance followed by a C.aussian variation   In the 
worst cases, the error function lit was still quite good, however, so considera- 
tion of higher-order diffusion processes is unnecessary for the purpose ol 
interest here.  Figure 2 summarizes the diffusion data for a variety of condi- 
tions. The variation of I) for saturated-cadmium-vapor diffusion is given by 

D = f>.3()x UT4 EW--—4-) 
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Figure 2. Dilfusioii of cadmium into ZnSc foi various coilditiont. 

in the raiife 70() to 9$0*C, where k is the Boitzman constanl and T is the 
temperature 

Ri tractive index versus composition is assumed to vary linearly for 
sm.ill composition changes in ZnSc.  Extrapolating the data of lisitsa ct at. 
(ref i 1) on the retractive index ofCdSSe, an "effective" refractive index, 
n. of 2.S4 tor CdSe at 6328 A is used,  using this value for CdSe. the 
retractive index at (1328 A tor Zn|.xCdxSe is given In 

nx" 2.58 (l +0.2$3x). 

With nx a linear function of x. the refractive i.idex profile of a diffused ZnSe 
crystal is also a complementary error function. Work at NELC (ref I 2) indi- 
cates that the mode propajiation behavior in planar guides with refractive 
index profiles such as exponential, linear, Gaussian, and complementary 
error function is not a strong function of the profile shape.  As a rule of 
thumb, the number of modes propagatintz in an error-function-profile planar 
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guide of dimension x measured M 207' of surface index value is about the 
same as the number of modes in the well-known square profile of the same 
dimension and surface index. 

WAVEGUIDE ELECTRO-OPTIC PHASE MODULATORS 

The general problem of electro-optic modulation is discussed in 
reference 13. Electro-optic (EO) modulation in waveguiding regions has 
been known for many years. A previous NELC report (ref 1) described 
waveguide EO modulation in planar ZnSe epitaxial layers on C.aAs.  Figure 
3 shows the crystallographic orientation of diffused-waveguide optical moch.- 
lators (ref 14) in ZnSe and CdS. Two electrode configuialions were used to 
produce two different field operations    electrodes on top of the waveguide 
(with l low index optical buffer of SiCM and the bottom of the substrate 
(transverse electrodes) and electrodes o"n each side of the waveguide (paral- 
lel electrodes). 

(110) 
P- v 

PROPAGATION 

►   V 

PROPAGATION 

Figure J. Orientation ordift'used-wavoguidc optical modulators in 
ZnSc(a.)andCdS(b.). 
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The polur zation phase shift at 6328 Ä per applied tieid for transverse elec- 
trodes is (ret" 15) 

rZnSc = T(5.4 x |(r5/voh)< l^ 

i'aiS ■»(3.2 x iü-5/voitm-:z 

where Ej is the applied eleetric field and I is the interaction length,  lor 
modulators with parallel electrodes (h in the x direction), the phase shifts 
become 

rZnSe ="<1 08 X KH/VOIIH l'x 

rCdS -»(1.8 x i(r4voitmtx. 

lora given applied voltatie. E, is inversely proportional to modnlator thick- 
ness. Capacitance also varies as inverse thickness; so large electric fields 
imply high capacitance for modulators requiring small voltages.   Lower 
capacitance and higher fields are possible with electrodes parallel to and on 
each side of the waveguide, giving fields in the x direction. 

Figure 4 shows a cross section of the parallel-electrode geometry. 
Using conformal mapping techniques (ref 16 and 17). the field variation in 
the \ direction at / = 0 is given by 

bV 

where 2V0 is the potential difference between the two electrodes and K(a/b) 
is the complete elliptic integral of the first kind.  Field variation in the / 
direction at \ = 0 is given by 

bV ■ • o ,     ■> -»      "> 1        \ i-\ 
,^KT7iT)|,/" + a-,,/- + b-,rl/- 

Capacitance per unit length of this structure is 

K(a/b) 
l - c ——— 

k(a/b) 

where c is the dielectric permittivity of the medium and K (a'b) ■ 

K|( l-a- b-)    -|.  For ab = I 3 (equal electrode width and spacing), with 
air at / > 0 and ZnSe at / < 0. 

C \ 0.7 p|- cm 

:o 
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ELECTRODE 

WAVEGUIDE 

Figure 4. Cross section of piiralM-dcctrodc geometry 

Figure 5.  Field variation as a lunction of / at x = 0. 

which is wry small compared to a parallel-plate capacitor ot equivalent 
geometry. Figures 5. 6 and 7 show field variations lor selected geometries 
and variations in capacitance and field with varying aspect ratio, a/b.  hgure 
7 indicates that, for highest fields and least capacitance, a/b should be about 
0.5. Power requirements for these modulators are determined essentially by 
the SO-ohm-load resistor used to match generator and cable impedance (see 
MICROWAVE AND OPTICAL COUPLING TO IOC COMPONENTS), 
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Figure 6. Field variation as a function of x at /. = 0. 

Figure 7. Variations in capacitance and field with varying aspect ratio a/b. 

T;lblL, 4 summati/.cs data on several modiilators.  Figure 8 shows an 
oscillograph trace of a parallel-electrode modulator.  Detector-limited rise 
times on the order of I nsec and cw modulation of 200 MHz have been 
observed with similar devices. Quantitative measurements of rise times 
await the acquisition of faster detectors. 
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MULTILAYtR EPITAXIAL WAVEGUIDE STRUCTURES 

I ho pivvious report (ret I) ot work under this pragnun deicribed 
proposed multilayer epitaxial layers olZnSeTe and ZuCdSe on ZnSe on a 
GaAl substrate as promisini: stmetures.  Delivery has been taken on both 
systems from Photoeleetronie Materials Corporation, and preliminary data 
indicate that extremely low-loss guiding is obtained. Subsequent waveguide 
t'abrieation techniques (the stmetures themselves are excellent planar wave- 
guides) to produce defined geometries are not completely established; how- 
ever, ion machining and diffusion doping are excellent candidates. 

THEORETICAL C ALC ULATIONS ON WAVEGUIDES 

I he problem of propagation in nommitorm waveguides is currently 
being addressed.  The most recent work (rcl IS) involves analysis of the 
waveguiding properties of three types of periodic structures in waveguides 
which may have important applications as frequency-selective couplers, 
filters, and distributed feedback lasers and in phase-matching-waveguide 
nonlinear processes. 

General solutions to the wave equation are derived in the case of 
periodically varying media, where 

(:(/,) = (.! |l + j; f(K/)| 

The dielectric permittivity is expressed in terms of the constants r? and k 
and f(£). a periodic function. The solutions involve summations of space 
harmonics in Floquet form and I'ourier decomposition of the permittivity, 
Three cases are of interest: 

1. Longitudinally inhomogeneous thin-film waveguide,  in this type 
of periodic waveguide, the permittivity varies as 

cU) = e, | I +T?COS(KZ)| 

ma 
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with the waveguide imbedded in l region of lower permittivity, eT. as in 

figure 98. 

«:,(/) =e1 [i *rjcos(K2|J 

L / 2L 

ejUl 

a,   LONGITUDINALLY INHOMOGENEOUS 
THINFILMWAVEGUIDE 

e0(z) "«-    1 + bjUl - M TJCOS(K/)J 

L 
/ 

Li—    27r/K    —^ 
T 

2L 

e^il 

b.    HOMOGENEOUS GUIDE IMBEDDED 

IN APERIODIC MEDIUM 

L-»-     7 mm7//////////////////////////' 
T L(z) ' L   p • r) cos IKti] 

27T/K 

c      HOMOGENEOUS GUIDE WITH SINUSOIDAL 

HEIGHT VARIATION 

Figure 9. Several eonfigurations for theorctieal waveguide ealeulatluns. 

2. Homogeneous guide imbedded in a periodic medium. In this con- 

figuration, the dielectric surroundi'.g the waveguide contains longitudinally 

periodic variations in permittivity, as in figure 9b. 

€,(/) = tT | I  +T) cos(K/.)| 
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3. Homogeneous guide with linusoidal height variatkHi, In this con- 
figuration. a periodic variation in the guide hei^it is considered, .is in figure 
9c. 

!(/)    1 K I <- i}'fcos(Kz)] 

Permanent periodic structures can be rormed In a huge variet) of 
w;i\s, inciiKlint; machinit^, Ion Implantation, diffusion doping and photo- 
polymerization. Dynamic periodic variations In permittivit) can be accom- 
plished with electro-, magneto-, and acousto-optical techniques. Devices 
employing periodic structures include distributed feedback lasers, grating 
couplers, and acousto-. magneto-, and electro-optic modulators.   An area ol 
interest m using periodic structures is for phase matching in nonlinear inter- 
actions, with applications in up conversion, second-harmonic generation, and 
parametric oscillators. 

An important application of immediate interest is the !"requenc\- 
selective coupler.   I he use of a distributed, periodic coupling structure 
between two waveguides allows the selection of a particular frequency 'wave- 
length I even it the guide can cam a large number of different frequencies. 
Proper selection of device parameters ma\ allow coupling at several selected 
frequencies and. it the periodic structure is of the dynamic type, vanable- 
ftequency tllters are possible,   (he same techniques can be extended to the 
construction of waveguide filters in which a particular frequency can be 
attenuated strongly In a short distance. 

Ml( ROW WE AND OPTICAL COLIPLINC. TO IOC COMPONENTS 

The problem of coupling microwave and optical power most 
efficientl) Into KK  components is being studied.   As an example of typical 
device characteristics to be considered, an optical-waveguide diffraction 
modulator was analyzed in terms of parameters that affect ultimate overall 
performance.  Thin-film liquid-waveguide diffraction modulators with inter- 
digital electrodes del 19 and 20) are representative of a large class of IOC 
devices which require optimization with respect to performance.  A com- 
plete treatment of these considerations is found m reference 21. 

Figure 10 shows a cross section of the modulator configuration.  The 
electric field within the waveguide is found to be approximately 

E0 % A0(exp -n//:a! J singy)- cosg /) J 

with 

= ■>/ hirXH'-.TH-S)] 
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Finirc 10, Crou wciton of optical liiiuid-wavegiiidc diffraction modulator. 

^r:^(^)-p + .i-p-.l'-[i--(^)'cos(h-ip->)]) 

M P)5  1-^ 

A' ;A  represent! Q loss In the field strength because of the isolation layer. 

c, and «1 are the dielectric permittivities of the isoiati >n layer (SiO-,) and 

the waveguide layer (nitroben/ene). respectively.  A jlAp is on the order ol I. 

At electrical modulation wavelengths that are larger than the device 
dimensions, the modulator can be modeled as a discrete-component circuit. 
Figure i 1 shows the equivalent circuit used for the calculations.  ('.,. ( j,, ( c, 

{ . are calculated in reference 21 tor this modulator configuration.  With 

losses present in the dielectrics forming the modulator, a conductance. Gj, 

must be introduced which relates to the loss tangent of waveguide dielectric: 

Gd-7;cd 
( Ian h (' 

C-i 

where o and tan b are the conductivity and dielectric loss tangent, respec- 
tively.  For most semiconductor or crystal electro-optic modulators. Ian <S 
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Figure 11. Optical-wawgukle dlffrtctlon moduialor modeled as three 
discretc-compoiicnl circuits. 

is very small. The low-frequency cutoft of this moctulator configuration is 
found to be 

'LFC fC, 
.1   Si 
CT    TrC, 

The hiiih-frequency cutoff is found from considering termination of the 
voltage driver in its characteristic impedance (Rs) to avoid reflected power 
(fig. i:a and 12c): 

'HFC ^r 

A modulator with external circuitry for resonant tuning at a frequency fr* 
(fit>    1 "Mi   ind   1 "M» li:n. IvmHu/i.Uli (fig. I2hand I 2d) has bandwidth 

=   2fffnR.C 
BW       vTc 
fn 

■  BW 
J« ■0^ 
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Figure 12. Modulator limipcd-paranK'tcr ciraiits I'ur   modulator oiilv (a.). 
resonant tuning (b.). modulator with a transmission line of 

characteristic impedance Z = Rs (c). and resonant tuning 

with a transmission line (d.). 

As might be expected, the magnitude of C is most important for liigh- 
t'requeney performance. With short electrodes, a small number of electrode 
pairs and moderate electrode-spacing capacitances on the order of pico- 
farads may be achieved.  For systems with Rs = 50 £2. 3-(lM/ modulation is 
possible in principle. Capacitances on the order of 0.5 pl7mm per electrode 
pair are typical of the interdigital electrode modulators studied here.  For 
comparison of various devices, the figure of merit is used with the lumped- 
component circuit of figure 1 la. The figure of merit is the ratio of the 
power dissipated in Rs at cutoff to the cutoff frequency. Ic: 

'V = T V/Rs ■l(2w02(C)2RIVp2 

Ixpressing Rs in terms of the bandwidth. 
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If V   is taken as the volta.ue reiiuired tor 1U0' I modulation, the fifUR ol 

merit heeomes 

P 

m = 'W " 
Wa 

wiiere w is the device width, w = 4aN (where N is tiie number of electrode 
pairs); L is the eleetrode leiiiilli; and K is tlie Kerr eonstant tor the nitro- 

ben/eiie waveuuiiie.  As an approximation using / —| ■ 0.2 pi   mm. the 

figure of merit is on the order ol 

—r   - l) |IOOW/:a| 

If 2a "" I Mm. the figure of merit is on the order ol [uPw) watts (.11/ 
When the modulator width W is on the order of a few micrometers, less 
than 1 watt/CiH/. of power is required. 

Electrical couplinf of microwave energy into modulator structures 
may be done quite efficiently with slotted transmission lines or strip-line 
technology. Careful matching of impedances will be necessary for optimum 
microwave coupling to these devices. 

ELECTRON-BEAM FABRICATION TECHNIQUES FOR IOCS 

it is well known that conventional photolithographic technique^ 
do not possess the inherent edge smoothness and resolution necessary for 
ultimate fabrication of IOC components. Some fabrication techniques, such 
as diffusion described earlier in this report, can use conventional photo- 
lithography for establishing large patterns.   Regardless of process, however, 
the extremely small dimensions and close tolerances required for devices 
such as waveguide couplers make a controllable fabrication technique, such 
as scanning-electron-microscopc exposure of a resist material, the process 

of choice. 
The SEM microfabrication facility at Hughes Research Laboratories 

is known for a high-resolution pattern-generation capability. Under con- 
tract to NELC (ref 2:). URL is engaged in the development of techniques 
suitable for high-resolution fabrication of patterns for IOC components. 
Figure 13 shows some possible fabrication processes. 

Several techniques that show promise were used to fabricate poten- 
tial waveguiding and/or masking structures in polymers. Direct SEM 
exposure without development in polymethyl methacrylate (PMM) pro- 
duced changes in the resist film which can be associated with refractive 

'        — 
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index changes   IX-velopmenl ol the exposed resis« produeesridges ol IM\| 
which can be used to guide light with no lurther processing   I igure 14 shows 
some typical PMM patterns tabricaled on SiO-. layers with silicon substrates 
\ locused beam from a He-Ne laser was used To excite the l-^m-high wave- 

guides, and guiding was observed in these structures In scattered light in the 
polymer    apparent in figure 1.1 is the extreme edge smoothness possible 
with the SI \1 technique 

SiOi was RF sputtered and chemical-vapor deposited ((AIM on 
silicon substrates, then either chemicallj etched or ion-beam machined 
»sing SHM-exposed PMM. Figure 15 shows chemicallj etched. < VDSiÖ-ion 
silicon    \ lift-off technique was also used with RF-sputtered 705^ glass" 
films on thermally grown Si0: on silicon substrates, but Uns technique pro- 
duced quite severe edge roughness. 

•■     m 
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Figure 14. Typical PMM pattern fabricated on SiO-, layen with silicon substrates 
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F«ure 15. Chemkalij ct<*€d. ch«nical-v»par4qio«ted «»2 on «lie« 
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A very promising technique is resist replacement.  In this process, 
the exposed and developed resist pattern is used in a lift-off techmcpie to 
leave on the substrate a material with superior resistance to ion-beam micro- 
machining.  Aluminum can be used as well as manganese metal tilms. which 
show greater resistance to the ion beam. 

PMM is the most common resist for SEM exposure, but several other 
polymers arc candidates that show qualities which may be superior tor some 
applications.  Folyglycidyl methacrylate (PGM), epoxidi/ed polybutadience 
(FPB). polyvinyl siloxane (PVS). and polyphenyl siloxane (PPS) are being 
considered as possible replacements in PMM applications for which PMM is 
not well suited. 

PROTOTYPE COMMUNICATION SYSTEMS 

To provide guidance to the program and to characteri/.e. evaluate, 
and demonstrate the components and their performance, three guided-wave 
optic breadboard systems have been projected. These prototype systems 
are described in table 5. and the ascending capabilities and types of com- 
ponents required are presented. These systems were chosen to exemplify 
representative DoD communications needs and provide the basis for 
advanced and engineering development phases of component and system 
development. 

TABLE 5. PROTOTYPE IOC COMMUNICATION SYSTEMS. 

SYSTEM 

Component Configuration 

Type of Link 

Bandwidth 

Elements 

Estimated Completion Date 

Discrete 

Point-to-point 

500 MH/ 

Source -   1 wavelength 

Modulator  

Detector   

Fiber waveguide 

Multimodc 

Jan 74 

Hybrid 

+ Repeatei 

I Gil/ 

— X 

— X 

♦ X 

IOC-fiber coupler 

Multipole switch 

Single mode 

Jun 75 

3 

Hybnd/integrated 

Data bus (FDM) 

5 OH/ 

Many wavelengths 

 — X 

 ^ X 

 ■.  X 

-^ X 

Frequency selective coupler 

♦ X 

Jun 7(1 
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1 
SUMMARY 

Fiber optics will oiler major benefit! to military comimmications 
in the new term, with dhdete-compwient. multimcHMlberlyrtemt, ami in 
the future, with IOC«andrinfle-niwK fiber systen». fhe important prop- 
cities of these systems will include; 

l  EMI immunity 
2. Security     no signal leakajzc 

3. Large band width 

4. Small si/c and light weight 

Consideration ol applications assessment indicates that avionics data 
transfer is likelv to be the first area that will bend it Irom liber-optic 
technolog>.  Definite decreases in initial cost and weight are obtainable 
using fiber-optic transmission lines, (ieneral applications areas are; 

1. Avionics, properties I to 4 above  for lower-cost pomt-to-pomt 

systems. 
2. Shipboard applications, properties 1 to 4 above, for lower-cost 

point-to-point systems, 

3, Undersea appUcaUon«. providing small. I.ghtweight. wide- 
bandwidth data channels in cables for arrays, tethers, and long point-to- 

point links, 
4, Land-based applications, which include system weight reductions 

in mobile command control systems and secure, wide-bandwidth lamllines, 

5  Data bus applications, which, using fiber-optic transmission lines, 
couplers, and switches, promise to have wide impact in avionics, high- 
performance surface craft, and shipboard systems performance, 

A cost-benefit was begun and analysis indicates potential savings ot 
several million dollars in several applications areas from RAD investments 
in fiber-optic technology. The areas of potentially largest savings thus tar 
are the aircraft data-bus concept, aircraft point-to-point links, undersea 
cables, shipboard data-bus systems, and submarine hull penetrations.  Pre- 
liminary analysis using the net-present-value method indicates a potential 
savings of more than SI 50 million over a :0-year period if fiber-optic 

technology is utitixed in the above areas. 
Integrated optical circuits will be necessary to provide efficient coupling, 

switching, and freciuency-division multiplexing and to utilize the full bandwidth 
and the data bus capabilities of the fiber-optic transmission lines. The material 
and device physics necessary to fabricate IOC elements have progressed rapidly 
In recent months.  Some highlights of the program include: 

1. Diffusion parameters have been improved to produce low-loss 
waveguides in ZnSe and CdS using conventional photoresist technology. 

2, Ultrafast waveguide electro-optic modulation in ZnSe and CiiS 
has been demonstrated.  Devices with optical pulse rise times of less than 5 
nsec have been fabricated which require less than 40 volts for operation. 
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3. Multilayer hcteroepitaxial fUim of ZnCdSe and ZnSeTe on 
GaAi Mbstntei lui\o b«en acquired lor stud) us opticaily active waveguides 
and device tubttratet. 

4   I lu'Divticul calculations have been mailc lor a variety of poriodi- 
cail) \arv iivi liiclcctric-coclticicMit iicomctrics.  Several promisinji structures 
and devices uwuz periodic variation are being studied. 

!   I he coupling of microwave and optic;' • v into IOC com- 
ponents has been explored using an electro-opu ulator structure that 
is tt pie tentative of t\ pical devices encountered. ■ igure-of-mcril calculations 
indicate that power requirements for various device parameters are very 
low 

6. I.lectron-heam exposure of resist materials and subsequent fabri- 
cation has been used to demonstrate fabrication capability and to construct 
waveguides with excellent edge quality In pol\ methyl methacrylatc and 
SiOv 

7, Protot) pe communications systems employing discrete compon- 
ents, liber optics, and eventually IOC components have been proposed as 
demonstration and test-bed optical links tor the communication systems of 
the iVture. 

In conclusion, fiber-optic and IOC technologies are advancing 
rapidly.  Even as this report is being written, improvements and develop- 
ments on fiber-optic and I(K' devices and components are rapidly bringing 
the level of technology to that of the realizable systems required for a wide 
variety of Do!) tasks. 
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